The retrovirus-like element Ty3 of Saccharomyces cerevisiae integrates at the transcription initiation region of RNA polymerase III. To identify host genes that affect transposition, a collection of insertion mutants was screened using a genetic assay in which insertion of Ty3 activates expression of a tRNA suppressor. Fifty-three loci were identified in this screen. Corresponding knockout mutants were tested for the ability to mobilize a galactose-inducible Ty3, marked with the HIS3 gene. Of 42 mutants tested, 22 had phenotypes similar to those displayed in the original assay. The proteins encoded by the defective genes are involved in chromatin dynamics, transcription, RNA processing, protein modification, cell cycle regulation, nuclear import, and unknown functions. These mutants were induced for Ty3 expression and assayed for Gag3p protein, integrase, cDNA, and Ty3 integration upstream of chromosomal tDNA Val(AAC) genes. Most mutants displayed differences from the wild type in one or more intermediates, although these were typically not as severe as the genetic defect. Because a relatively large number of genes affecting retrotransposition can be identified in yeast and because the majority of these genes have mammalian homologs, this approach provides an avenue for the identification of potential antiviral targets.
R ETROVIRUSES and their endogenous counter-
ruses (Zimmerman et al. 2002) and possibly of retroparts, the LTR retrotransposons, have evolved transposons. Stability of Ty3 virus-like particles (VLPs) complex relationships with their eukaryotic hosts. These is sensitive to ubiquitination during the stress response retroelements rely on host cells for provision of the (Menees and Sandmeyer 1994; Karst et al. 1999) . Host basic functions related to gene expression, including proteins and RNAs have been shown to be packaged transcription, RNA processing, and translation (Coffin within retroviral particles (Ott 2002) . Such proteins 1996; Boeke and Stoye 1997). In addition, in more include cyclophilin A (Braaten et al. 1996) , which funcspecific steps of the retroid life cycle, retroviruses and tions by antagonizing host restriction factors (Best et al. retrotransposons are affected by host factors and condi-1997; Bieniasz 2003; Towers et al. 2003) and CEM15/ tions in the host cell. Life-cycle steps where host factors APOBEC3G, which deaminates cytidine in nascent viral have been shown to play positive and negative roles cDNA (Harris et al. 2003) . Deletion of nucleotide exciinclude assembly and budding, reverse transcription, sion repair genes elevates Ty1 cDNA, suggesting that uncoating, nuclear entry, and integration (Goff 2001;  these factors normally mediate its turnover (Lee et al. Greene and Peterlin 2002; Pornillos et al. 2002; 1998; Garfinkel and Bailis 2002) . Dvorin and Malim 2003) .
In the case of retrotransposons, assembly is followed Assembly of retroviruses and LTR retrotransposons by protein processing and reverse transcription. Reverse depends upon correct proportions of structural and transcription of retrotransposons is sensitive to the cell catalytic proteins. Most retroviruses and retrotranspocycle (Menees and Sandmeyer 1994) and divalent catsons use frameshifting as a mechanism to achieve proper ion availability (Bolton et al. 2002) . Large-scale screens stochiometry of structural and catalytic proteins. It reby Scholes et al. (2001) and Griffith et al. (2003) have quires not only programmed frameshifting sites in the recently shown that large numbers of host genes can RNA but also specific tRNA species in correct abunaffect cDNA levels and transposition of the Saccharomyces dance (Farabaugh 1995) . Despite the fact that assemcerevisiae element Ty1. bly of retrovirus particles can occur in vitro (Scarlata Retroviruses, which infect nondividing cells, must and Carter 2003) , chaperones are likely to play an translocate the preintegration complexes through intact important role in the assembly of at least some retrovinuclei. This is also the case for retroelements in yeast, where the nuclear membrane does not break down during mitosis. In the case of HIV, for which nuclear import has 1 butions, and Vpr has been shown to interact directly tion of reverse transcripts, and integration into chromosomal DNA. with nucleoporins (Dvorin and Malim 2003) . In the case of Ty1 (Moore et al. 1998) and Ty3 (Lin et al. 2001) , nuclear translocation sequences have been described MATERIALS AND METHODS in the carboxyl-terminal domain of the respective IN species. In the case of Tf1, a Schizosaccharomyces pombe Yeast strains and culture methods: Media and standard techniques for S. cerevisiae were as previously described (Sherman retroelement, a short domain in Gag (Dang and Levin et al. 1986 ). The haploid yeast strain YPH500 (MAT␣ ade2-101 o , 2000) and nucleoporin was used to 1999) are required for import.
generate mutants for a pilot screen of 3000 transformants.
It is likely that host proteins also influence intraBecause the mTn3 was marked with the LEU2 gene, mutagennuclear delivery of preintegration complexes to the ized YPH500 cells are Leu ϩ . A LEU2 derivative of YPH500, yMA1235 (Aye and Sandmeyer 2003) , was constructed to chromosomes. Ty1 (Voytas and Boeke 2002) and Ty3 serve as the control strain for transposition in the pilot screen. (Sandmeyer et al. 2001) 
integrate upstream of pol III-
The haploid yeast strain yMA1322 (MAT␣ ade2 o , lys2 o , his3,  transcribed genes, and Ty5 (Voytas and Boeke 2002) trp1, leu2, ura3) was derived from YPH500 integrates into heterochromatic DNA. In the case of yMA1322, which contains ochre alleles of both ADE2 and Tf1, integration occurs preferentially into intergenic LYS2, gives reduced background in the genetic assay for transposition and was used as the parental strain for subsequent regions (Behrens et al. 2000 ; Singleton and Levin shuttle mutagenesis and for large-scale mutant screening. The
2002). Chromatin factors have been identified geneti-
LEU2 version of this strain, yMA1342, was generated by transcally and shown to affect the frequency or distribution formation with a DNA fragment containing the wild-type LEU2 of Ty1 integration sites (Kang et al. 1992; Liebman and gene and was used as the wild-type control for transposition. Newnam 1993; Qian et al. 1998) . Although retroviruses Plasmid constructions: pNB2142, a high-copy, URA3-marked plasmid containing a galactose-inducible, HIS3-marked Ty3 do not display the same degree of integration preferelement (Ty3-HIS3), was derived from pGAL-Ty3 mhis3AI ence as the yeast elements, several studies have now (Sadeghi et al. 2001) . The latter plasmid was used to induce shown that there is preferential insertion of some retroTy3 transposition. In the course of the transposition Ty3 RNA viruses into transcribed regions (Schroder et al. 2002;  was produced from which the synthetic intron in the HIS3AI Wu et al. 2003) . In addition, several DNA-binding prowas spliced. This was reverse transcribed and the cDNA product recombined with the starting plasmid in a gene conversion teins enhance or direct in vitro integration reaction. Yeast mutagenesis: Disruption mutagenesis of yeast to obby IN, complete repair of the integration site is pretain candidate transposition mutants was performed as presumed to require the function of host repair proteins.
viously described (Burns et al. 1994) . Briefly, DNA was pre-DNA-PK and Ku proteins have been implicated in repair pared from 14 library pools separately mutagenized with mTn3 of the integration intermediates in animal cells and (kindly provided by M. Snyder, Yale University). Library DNA Ty elements in yeast (Daniel et al. 1999 ; Downs and was isolated from each pool, cleaved with Not I, and transformed using the lithium acetate procedure (Ito et al. 1983) Jackson 1999).
into either the YPH500 or the yMA1322 strain.
In this study, we sought to identify host factors in S.
Genetic assays for Ty3 retrotransposition (target plasmid):
cerevisiae that affect retrotransposition of Ty3. A collec-A genetic assay for Ty3 position-specific transposition (Aye et tion of 27,000 mini-Tn3 (mTn3) insertion mutants was teins. Biochemical and molecular analyses of the Ty3
After incubation for 24 hr at 30Њ, each plate was replicated to intermediates in these mutant strains showed that many a medium with galactose, SC(gal)-His-Trp-Leu, for induction of them display moderate biochemical differences from of Ty3 expression. After 48 hr of growth at 30Њ on this medium, wild-type cells in Ty3 intermediates. These included difcells were replica plated to minimal medium with glucose, supplemented with uracil and lysine or with uracil alone, for ferences in precursor polyprotein processing, accumula-YPH500 (ade2o) and yMA1322 (ade2o, lys2o) transformants, products were separated on an agarose gel, and each product was excised. DNA was extracted and sequenced. Each serespectively, for detection of retrotransposition events. Replicated cultures were incubated at 30Њ for 5 days, and the numquence generated was compared to complete S. cerevisiae genomic DNA using a BLASTn search of the Saccharomyces Genome ber of papillae within each patch was compared. Negative control cultures grown on SC(glu)-His-Trp-Leu medium and Database (http:/ /genome-www.stanford.edu/ Saccharomyces) to identify the position of the insertion. lacking Ty3 expression were replicated to selective medium after 1 day at 30Њ. Growth on the selective medium occurred Reconstruction of deletion and truncation mutants: To confirm that the characterized disruption was linked to the obwhen expression of the SUP2b o tRNA gene on the target plasmid was activated by insertion of Ty3. The number of papillae served change in the Ty3 transposition phenotype and to test the phenotype using other measures of transposition, each per patch reflects the frequency of individual transposition events in that patch. mutant was reconstructed in one or two additional strain backgrounds. Deletion of specific genes in strain yTM443 (MATa A more quantitative assay was performed for strains of particular interest . Yeast cells carrying pTM45 ura3-52 trp1-H3 his3⌬200 ade2-101 lys2-1 leu1-12 can1-100 bar1::hisG Ty3 null), TMY43 (MATa ura3-52 trp1-H3 his3⌬200 and pPK689 plasmids were grown in SC(raffinose). Log-phase cultures (A 600 ‫)4.0ف‬ were adjusted for the cell density, and ade2-101 lys2-1 leu1-12 can1-100 bar1::hisG spt3-⌬202 Ty3 null), or BY4741 was performed as described (Wach et al. 1994) . ‫01ف‬ 6 cells were plated in triplicate to SC(glu) and SC(gal). After approximately the same number of cell divisions (29 hr Pairs of oligonucleotides, which contained 50 nucleotides of homology to the target gene at the 5Ј end and 20 nucleotides growth on glucose and 48 hr on galactose medium), each plate was replicated to the selective medium described above.
of complementarity to the KanMX4 cassette (Wach et al. 1994) at the 3Ј end, were designed. (The sequences of these oligonuFollowing 5 days of incubation at 30Њ, the number of colonies on these plates was determined, and the average taken from cleotides are available upon request.) These oligonucleotides were used to prime PCR synthesis of DNA fragments, which three plates. The transposition frequency was calculated as the number of cells grown on the selective medium divided were transformed into yeast. In the case of nonessential genes, the oligonucleotide primers were designed to delete the entire by the total number of cells plated, which was determined from the YPD plates.
ORF. For essential genes, the oligonucleotide primers were designed to truncate the ORF downstream of the mTn3 inserGenetic assay for Ty3 retrotransposition (HIS3-marked Ty3 assay): BY4741 (MATa his3⌬1 leu2⌬0 met15⌬0 ura3⌬0 ) and tion site. Transformants were selected on YPD medium containing 200 g/ml geneticin (G418). Disruptions were screened its derivatives were transformed with pNB2142, a high-copy, URA3-marked plasmid containing Ty3-HIS3. At least three for single insertions of the KanMX4 cassette into a restriction fragment of the predicted size. At least three transformants were transformants for each strain were patched to SC-Ura plates, and incubated at 30Њ for 2 days. Confluent patches were replitested for transposition.
To test the transposition phenotypes in complete knockout cated to SC(gal)-ura plates and incubated at room temperature for 3 days to induce Ty3 expression. Cells expressing Ty3-mutants, the collection of deletion strains in the haploid BY4741 background was purchased (Research Genetics, Huntsville, AL). HIS3 were scraped off the plates and resuspended in 1 ml of sterile water, and density was adjusted to A 600 ‫.1ف‬ The suspen-
The effect of mutations in nonessential genes was tested directly using knockout mutants from the collection. Genes that sion was serially diluted and plated to SC-Ura for the number of Ura ϩ cells and to YPD plates to allow for the loss of plasmid.
were not represented in the collection (nup157, nup159, and kic1) were disrupted in BY4741 using oligonucleotide primer After 1 day at 30Њ, YPD plates were replicated to SC-His plates containing 5-FOA to select for cells with genomic integration pairs as described above. Identification of genomic loci disrupted by mTn3: Chromo-5 mm EDTA as previously described (Continental Labs, Carlsbad, CA]. WCEs or concentrated VLP proteins were fractionsomal loci disrupted in the mutant strains were identified by one of two methods. In the pilot screen, each mutant of interated by electrophoresis in a SDS-10% polyacryamide gel. Proteins were transferred to Immobilon-P (Millipore, Bedford, est was transformed with Pvu I-linearized, YIp5 plasmid to integrate an Escherichia coli origin of replication into the mTn3 MA) and were incubated with rabbit polyclonal anti-Ty3 CA or anti-Ty3 IN antibodies diluted 1:20,000 and 1:2000, respecconstruct (Aye and Sandmeyer 2003) . Genomic DNA prepared from each Ura ϩ Leu ϩ transformant was cleaved with tively (Menees and Sandmeyer 1994) . Rabbit IgG was visualized using HRP-conjugated secondary antibody and ECL ϩ Nsi I or Bgl II and treated with T4 DNA ligase to circularize DNA fragments. The ligation mixture was transformed into Plus (Amersham, Buckinghamshire, UK) according to manufacturer's instructions. the E. coli strain HB101, and transformants with LEU2-marked plasmids were selected. (HB101 is a leuB mutant that could Southern blot analysis: BY4741 cells were grown as described above for immunoblot analysis. Cells were suspended in exbe complemented by the yeast LEU2 gene for leucine prototrophy.) Plasmids with the characteristic restriction pattern of traction buffer [10 mm Tris-HCl (pH 8.0), 1 mm EDTA, 100 mm NaCl, 2% Triton X-100, 1% SDS] and vortexed vigorously the mTn3 construct were sequenced using M13 (Ϫ40) primer (New England Biolabs, Beverly, MA), which anneals to the with glass beads in the presence of phenol:chloroform. Nucleic acid was precipitated from the aqueous phase with ethaproximal lacZ sequence.
Loci disrupted by mTn3 insertions in the large-scale screen nol, redissolved, and digested with RNase (Hoffman and Winston 1987). RNA-free DNA (0.5 g) was digested with EcoRI, were amplified by vectorette PCR and identified by sequence analysis (Aye and Sandmeyer 2003) . Briefly, total yeast DNA fractionated by electrophoresis in a 0.8% agarose gel, transferred to Duralon UV membrane (Stratagene, La Jolla, CA), prepared from the mutant strain was digested with RsaI or DraI and ligated with preannealed anchor bubble primers (C.
and immobilized by UV crosslinking in Stratalinker 1800 (Stratagene). Hybridization was performed with a 32 P-labeled, interFriddle, Stanford University, personal communication). Onetenth of the ligation reaction was used as the template DNA nal Bgl II fragment of Ty3, which hybridizes with the full-length 5.4-kbp Ty3 cDNA, as well as Ty3 donor plasmid and chromofor amplification of the mTn3-genomic DNA junction. PCR somal Ty3 elements. The filters were washed and exposed Ty3 integration upstream of 14 genomic valine tRNA (AAC) [tDNA Val(AAC) ] genes, 25 ng of BY4741 DNA produced from to a phosphorimager screen, and hybridization signals were quantitated using Quantity One software (Bio-Rad, Richmond, induced cells as described above was used as the template for PCR with primers 278 (Ty3) and 676 [for 14 tDNA Val(AAC) ]. CA). To test for proper gene disruptions, Southern analysis was performed using a probe against the kan R gene. The PCR conditions and primers were essentially the same as previously described (Aye and Sandmeyer 2003) , except that PCR assay for Ty3 transposition in vivo : For detection of the number of PCR cycles was reduced from 40 to 32.
RESULTS
To identify a spectrum of host factors influencing Ty3 retrotransposition, a wild-type yeast strain was mutagenized by integrative transformation with a library of yeast DNA fragments disrupted by mTn3 insertion, and yeast mutants were screened for Ty3 transposition phenotype. The transposition assay used for screening mutants measured Ty3 transposition into the transcription initiation site of plasmid-borne, divergent tRNA genes and so identified mutants with changes in Ty3 replication or properties of integration specificity.
Identification of mutants defective in transposition:
The screen for Ty3 transposition mutants was performed on a relatively small scale and then on a large scale using a modified version of the original screening method. The parental YPH500 strain was transformed with a low-copy plasmid, pTM45, containing a galactoseinducible Ty3 element. and a low-copy, divergent tRNA gene target plasmid, pPK689 (Kinsey and Sandmeyer 1995) . In the pilot screen, YPH500 carrying pTM45 and pPK689 was subjected to shuttle mutagenesis (Burns et al. 1994) by integrative transformation with a library of yeast DNA disrupted by random insertions of mTn3, containing lacZ, ␤-lactamase, and yeast LEU2 genes (Seifert et al. 1986) .
To screen for mutants with Ty3 phenotypes, transformants were first grown on SC-His-Trp-Leu medium and replicated to SC (gal)-His-Trp-Leu medium to induce Ty3 expression. Cells expressing Ty3 were then replicated to minimal medium supplemented with appropriate amino acids to select for cells, in which transposition into the target plasmid had occurred ( Figure  1A ). The HIS3-marked Ty3 target plasmid contains two divergent tRNA genes, a tDNA Val(AAC) and a suppressor tDNA Tyr , sup2bo, separated by a 19-bp synthetic sequence. Expression of these tRNA genes is almost undetectable due to the physical constraint created by overlapping promoter regions and unfavorable nucleotide sequence -(A) Outline of the genetic assay for Ty3 retrotransposition screen. Leu ϩ transformants resulting from insertion mutagenesis were patched onto SD-His-Trp-Leu media and replica plated onto galactose-containing medium to induce expression of Ty3. These cultures were replicated onto appropriate selective medium (lacking adenine and/or lysine) to select for colonies in which suppressor activation by Ty3 insertion into the target plasmid allowed growth. (B) Patch assay of mutants isolated from the primary screen. Mutants were retested in replica patches (columns), and the wild type control is shown in the bottom row.
upstream of the gene for the suppressor. Ty3 integration tentially defective in cellular processes unrelated to transposition and were not analyzed further (Figure 2 ). into the divergent promoter region alleviates interference between the two tRNA genes and changes the sequence Sequences flanking the mTn3 insertions in the 63 mutants from the large-scale screen were determined composition upstream of the suppressor, thereby activating its expression (Kinsey and Sandmeyer 1995) . by vectorette PCR as described in materials and methods. ORFs and inter-ORF regions disrupted by mTn3 Cells in which Ty3 transposition has occurred are identified by their ability to suppress one or two ochre noninsertions are listed in Table 1 . Although most loci identified were recovered only once, two or more indepensense alleles in the strains used for the screen.
In the initial screen, ‫0003ف‬ Leu ϩ transformants were dent insertions were identified at 10 loci (Table 1) .
Including the initial screen, 53 loci were identified as tested for transposition using a semiquantitative patch assay. Four mutants were identified: one isolate had a the sites of mTn3 insertions in strains with altered transposition. Among these, six were essential genes with the hypotransposition phenotype and the remaining isolates had hypertransposition phenotypes (Figure 1 and mTn3 insertion in the downstream end of the coding region (CDC39, CYR1, DML1, NUP159, RGR1, TFC1), data not shown). Southern blot analysis using a lacZ probe for sequences within the mTn3 insertion showed resulting in truncation alleles. Although most of the 63 insertions occurred within coding regions, 6 were within that each contained a single integrated mTn3 (data not shown). DNA from these four strains was extracted and 180 bp upstream of the 5Ј ends of coding regions, either in the promoter or in the 5Ј untranslated region. Two the sequence flanking the mTn3 insertion was determined as described in materials and methods. The insertions each were located in the rDNA locus, in regions lacking annotated ORFs and in regions of overlapresulting sequences were searched in the Saccharomyces Genome Database to identify genomic insertion sites.
ping ORFs. Of the 53 genes identified in the two screens, only nup159, rdn37 (rDNA), ski2, and yhr209w mutants The hypotransposition mutant was disrupted in LHP1 (Aye and Sandmeyer 2003) , and the three hypertransshowed elevated transposition frequencies; the remaining mutants exhibited decreased transposition freposition mutants were disrupted in NUP159, SKI2, and YHR209w. The lhp1 mutant had an ‫-8ف‬fold lower frequency (data not shown). Mutants with insertions in rDNA and in intergenic regions were not analyzed furquency of transposition than the wild type. The frequency in hypertransposition mutants ranged from 5-to ther, resulting in a collection of 50 genes associated with the Ty3 phenotype. 14-fold of wild type. These genes and the mTn3 insertion site are listed in Table 1 .
Two of the mutants with hypotransposition phenotypes, tfc1 and lhp1 (Aye and Sandmeyer 2003) , For the large-scale screen, the starting strain was modified by the addition of a second nonsense allele, lys2o, were studied in detail and have been reported previously.
In each case, transformation of the mutant strain with a to reduce background growth on the selective medium. The modified strain was designated yMA1322. A Leu ϩ plasmid containing a copy of the corresponding wild-type gene rescued the Ty3 transposition phenotype. In the version of that strain, yMA1342, was constructed and used as the control comparison for cells carrying mTn3 case of the tfc1 mutant, orientation of Ty3 integration into the divergent target plasmid was anomalous, causinsertions containing LEU2. YMA1322 was transformed with mTn3-mutagenized DNA and 24,000 Leu ϩ transing the observed decrease in Ty3 transposition-dependent papillations. In the lhp1 mutant, Ty3 cDNA accuformants were generated. These mutants were tested for transposition using the same patch assay as that mulation was reduced. These two mutants are included for completeness, but are not discussed further. Quantidescribed above except that the final selection for cells, in which Ty3 had undergone transposition, was on metative suppressor transposition assays were performed for some, but not all, of the mutants. These suppressor dium lacking both adenine and lysine.
Screening of 24,000 Leu ϩ transformants yielded 780 assays showed that phenotypes ranging from 3-to 40-fold decreases were detected. Mutants with increased mutants that showed non-wild-type numbers of papillations in the patch assay ( Figure 1A and data not transposition phenotypes ranged from 2-to 14-fold of the wild-type frequency (data not shown). shown). Retesting of these mutants showed a consistent phenotype for 280 mutants ( Figure 1B ). Transformants The next step in characterization of these mutants was determination of the null phenotype in an indepenthat grew poorly on the dropout medium with glucose or galactose were not further analyzed. The 280 isolates dently derived set of mutants. The yeast knockout collection in strain BY4741 was used for this purpose (Rewould have also included mutants with defects in metabolism required for growth on the selective medium. To search Genetics, now available from Invitrogen, San Diego). Because characterization of the tfc1 mutant sugeliminate these, each mutant was transformed with pLY1850, the pPK689 target plasmid with an activating gested that some effects might be specific for the synthetic target plasmid used in the first screen, a genetic Ty3 insertion between the tRNA genes (L. Yieh, unpublished results). Of the 280 mutants, 63 were able to grow assay, which uses a HIS3-marked Ty3 element (Ty3-HIS3) to detect genomic transposition events, was used to deon the selective medium when transformed with the pLY1850 plasmid (data not shown). Mutant strains that termine the frequency of Ty3 mobilization in the null mutants ( Figure 3 ; Table 1 ). For mutants with mTn3 failed to exhibit suppression were considered to be po- insertions in regions of overlapping ORFs, deletions of tion frequency in the Ty3-HIS3 assay. In addition, nup159, which was consistently increased in transposition, was each complete ORF were tested. Nup159, nup157, and kic1 mutants were reconstructed by inserting a KanMX4 examined, for a total of 22 mutants ( Table 2 ). The major Ty3 structural polyprotein is Gag3p. Assembly of cassette at the position of the original insertion mutation. Other essential genes were not further examined Ty3 VLPs is followed by Gag3p processing and cDNA synthesis in wild-type cells. These processes were examin this study nor were three genes (NUP116, YEL077c, and SSY1) that were absent in the collection and were ined in the 22 mutants to better understand the basis of the mutant phenotype. Wild-type and mutant strains particularly difficult to reconstruct (Table 1B ). In the genetic assay performed on the null and reconstructed transformed with a galactose-inducible, high-copy Ty3 plasmid pDLC201 (pEGTy3-1) were grown in a galacmutants, mobilization of Ty3-HIS3 was monitored for three independent transformants. Cells were induced tose-containing liquid medium to induce Ty3 expression. Two independent transformants were examined for Ty3 expression by growth on galactose-containing medium, replica plated to YPD to allow loss of the donor for each mutant, except for fun30, for which the Ty3 plasmid was apparently lost from one transformant. plasmid, and finally replica plated to SD-His medium containing 5-FOA. The last step selected for cells, which Cells were induced for 6 hr and then extracted for protein and DNA as described in materials and methhad acquired a chromosomal Ty3-HIS3 and lost the URA3-marked plasmid bearing Ty3-HIS3. The frequency ods. A 6-hr induction was chosen because precursor and mature protein species are present in wild-type cells of transposition was quantitated as described in the materials and methods (Figure 4) . Of the 42 mutants at this time. Ty3 cDNA levels increase from 3 to 6 hr (Menees and Sandmeyer 1994; data not shown) and tested, 25 showed a difference in transposition frequency compared to the parental strain (P Յ 0.05). In at 6 hr transposition can be measured using a PCR assay to physically correlate transposition and processing phe-20 cases, the frequency was less than half that of the wild type (Table 1A ). In 7 of these, the decrease was notypes. Therefore 6 hr was a time when it was possible to observe the effects of disruptions on the rate of Gag3p 10-fold or more. In the case of nup159, the frequency of Ty3 transposition was 4-fold higher than that in the processing as well as on cDNA and transposition levels. The amounts of Ty3 Gag3p, 31 kD and 26 kD (CA), wild type. This was consistent with the increased frequency observed in the original suppressor assay. In for each mutant were determined by immunoblot analysis with anti-CA antibody ( Figure 5 ). IN is produced 18 cases, mutants that displayed a phenotype in the suppressor activation assay did not show a comparable from the Gag3-Pol3p polyprotein by the Ty3 protease. The levels of IN and some intermediate species were phenotype in the Ty3-HIS3 assay (Table 1C) .
Analysis of Ty3 proteins in the mutant strains: Twentymonitored for each mutant using anti-IN antibodies. In both cases, the amount of protein used was such that one mutant loci were selected for further study on the basis of the consistent transposition phenotype in both the Ty3 species would be measured in the linear range of exposure (data not shown). The majority of mutants genetic tests and having a Ͼ40% decrease in transposi- proteins and processed them to levels of mature protein was induced by growth on galactose-containing medium. Cells comparable to levels in wild-type cells. Of the 22 muin the assay were replicated as described in materials and tants, 13 displayed some differences from wild type for methods. Following reverse transcription, Ty3-HIS3 cDNA is integrated or recombined into the genome upstream of a Ty3 protein patterns (Table 2) . Some variability was tDNA (shaded triangle), leading to histidine prototrophy in also observed in wild-type samples ( Figure 5 ; data not the absence of Ty3 donor plasmid. Note that the HIS3 gene shown). The sin4 and ppa1 mutants had reduced levels is antisense to Ty3. of Gag3p species, but only ppa1 appeared to also have reduced amounts of IN. Mutants also had some qualitative differences in the relative representation of produced for 6 hr and examined for Ty3 proteins were also cessed species. For example, sin4, ste7, fyv10, shm1, and examined for Ty3 cDNA. DNA was cleaved with EcoRI rim13 mutants had elevated levels of CA relative to and visualized using a probe specific for the internal Gag3p. This could reflect either changes in turnover region of Ty3 ( Figure 6A ). In addition to Ty3 cDNA, with the processed form being more stable, particularly this probe hybridizes to chromosomal Ty3 elements and in the case of sin4 where total Gag3p appears to be the plasmid-borne Ty3. The hybridization signal for decreased, or actual changes in processing efficiency. each sample was quantified using Quantity One software The pattern of proteins reacting with the anti-IN anti-(Bio-Rad). Amounts of cDNA from the two different body was more complex. As mentioned above, the transformants were normalized to amounts of the Ty3 amount of IN was reduced in the ppa1 mutant. In addiplasmid to allow comparison of the relative amounts of tion to mature IN, three higher molecular weight specDNA per Ty3 plasmid copy and were averaged (Figure cies, which are assumed to be partially processed Gag3-6B). In the wild-type strain, the ratio of plasmid to cDNA Pol3p species, were observed in most samples (Figure was ‫.1:5ف‬ 5). This pattern differed from wild type in the cases of With the exception of ncl1, which did not maintain the the fun30, sin4, nup157, nup159, ams1, bro1, ppa1, ybr262c, plasmid ( Figure 6A ), mutants had detectable amounts of and ybr284w mutants, although the significance of this cDNA. However, many mutants had reduced amounts variation was not known.
of the cDNA compared to wild-type cells ( Figure 6B ).
Analysis of Ty3 cDNA in mutant strains: Subsequent
Three mutants (fun30, nup157, and ste7) displayed less to maturation of particle proteins, Ty3 RNA is reverse than half of the wild-type level of cDNA ( Figure 6 ). transcribed to form cDNA (Hansen et al. 1992) . Aliquots These three mutants were among the 13 mutants with differences from wild-type cells in Ty3 protein proof the same cultures of independent transformants in-Ty3 Host Factors cessing. Ybr284w, rim13, ppa1, and bro1 had reductions frequency of integration. Seven mutants had frequenin cDNA of 43-49%.
cies close to or just exceeding the wild type. This could Transposition into chromosomal tDNA Val(AAC) genes: reflect different usage of tDNA families or 5S vs. tDNA A PCR assay was used to monitor integration at 6 hr among different mutants, or discrepancies caused by into a family of 14 chromosomal tRNA Val(AAC) genes to differences in the genetic and physical assays for transcorrelate the results of biochemical assays with transposiposition: for example, the length of induction. Tests of tion for the 22 mutant strains. The tDNA Val(AAC) transposi-3 other mutants were inconclusive: 1 was tested for only tion assay is similar to the Ty3 PCR assay previously one transformant (fun30), ecm17 showed discrepant radescribed (Aye and Sandmeyer 2003;  Figure 7A ). In tios for the two transformants tested, and ncl1 did not this case, amplification of a diagnostic fragment relies maintain the Ty3 plasmid. Each of the 3 mutants with on primers that anneal to the Ty3 and to a conserved Ͼ50% reduction in cDNA (fun30, nup157, and ste7) sequence in this family of tDNAs. The tDNA Val(AAC) family showed decreases in transposition into the chromowas chosen because it has multiple members, it is the somal tDNA. Interestingly, 2 mutants (fyv10 and shm1), same gene that provided the dominant target in the which appeared to have relatively elevated levels of original genetic assay, and it has low background in the cDNA, were reduced for transposition into the chromo-PCR assay in the absence of transposition. PCR products somal tDNA, consistent with the genetic phenotype. were fractionated by gel electrophoresis and stained with ethidium bromide. Different amounts of DNA samples from wild-type cells expressing Ty3 were used to DISCUSSION determine the linear range of PCR products ( Figure  Due to their limited coding capacity, retrotransposons 7B, top). As a control, the RAD52 locus was amplified and retroviruses rely heavily upon the host factors for most using the same amount of genomic DNA. Since the processes in their life cycle. Some of these factors were RAD52 locus is represented in every genome, the linear identified by biochemical approaches whereas others range was achieved with fewer PCR cycles ( Figure 7B , were implicated by genetic data. Genetic approaches in bottom). Using the defined range, PCR was performed simple organisms such as yeast are a powerful tool for for the wild-type and mutant strains ( Figure 7C ; data dissecting complex processes. By employing a largenot shown). Each gel was scanned, and PCR products scale genetic screen, we have identified a panel of yeast were quantitated using Quantity One software. The ratio genes that affect the transposition of Ty3 into a target of the tDNA Val(AAC) PCR product to the RAD52 locus for plasmid. Determination of the level of Ty3 intermedieach mutant was compared to the ratio determined for ates in each mutant background indicated that some wild-type cells. Of 22 mutants tested, 5 showed less than mutants were defective in protein expression, proteohalf of the wild-type ratio and 7 others showed smaller lytic processing, or in reverse transcription. In addition, decreases. The one mutant (nup159) with increased transposition showed more than a twofold increase in a PCR assay for Ty3 integration revealed that some mu- tants were defective in postreplication aspects of the tants was undertaken to identify genes that affect the frequency of Ty3 activation of a target suppressor tRNA Ty3 life cycle.
Genetic selection of transposition mutants: In the gene. The sites of the gene disruptions in these mutants were determined by sequence analysis. Two of these current study, a genetic screen of 27,000 insertion mu-Ty3 Host Factors (A and B) Mutants that exhibit the Ty3 phenotype with two different genetic assays. Immunoblots with antibodies to Ty3 CA or IN proteins were performed on yeast extracts prepared from cultures induced for Ty3 expression. Two independent transformants were monitored for each mutant. Antibodies to CA recognize mature CA protein (26 kD) and precursor Gag3p (38 kD) as well as p31 (asterisk). Antibodies to IN recognize mature IN (61 kD) and three larger species (vertical line). These larger species have sizes consistent with Gag3-Pol3, Pol3, and RT-IN, but have not been definitely assigned. For gel-loading control, filters for IN immunoblots were reprobed with antiPgk1 polyclonal antibodies (Molecular Probes, Eugene, OR). A wild-type culture that was not induced for Ty3 expression [wt (raff)] was used as the negative control. mutants, one containing an insertion in TFC1 and one and second transposition assays, mutants that were not tested further in the current study (Table 1 , B and C) containing an insertion in LHP1, were examined in detail and have been reported previously Aye are not necessarily uninteresting with respect to transposition. Quantitative comparison of a subset of mutants, and Sandmeyer 2003) . Although our original assay had the advantage of selecting for position-specific transposiincluding nup157 and nup159, which were reconstructed as truncation mutants, suggested that the suppressor tion, the properties of the tfc1 and lhp1 mutants suggested that the selection might have been so specific assay might be more sensitive to changes in transposition frequency than the Ty3-H assay (data not shown). that the collection included a number of mutants that were affected primarily for transposition into the synAnalysis of Gag3p production and processing, cDNA, and transposition into chromosomal tRNA Val genes: The 22 thetic target. Mutants were therefore rescreened with a galactose-inducible Ty3-HIS3 to identify those that dismutants were investigated further for protein processing, cDNA production, and insertion into the tDNA Val(AAC) famplayed aberrant genomic mobilization of Ty3. Because the insertion mutagenesis strategy could be associated ily of chromosomal tRNA genes after 6 hr of Ty3 expression. Although this investigation did not indicate how with a significant frequency of unlinked mutations (Ross-Macdonald et al. 1999) , and because of the reladirectly the host function related to the Ty3 phenotype, our results support a relatively consistent pattern of tively large number of genes involved, the second assay was employed using null mutants in the yeast knockout effects of gene deletions at different stages of the Ty3 life cycle (Table 2) . Only 2 mutants (sin4 and ppa1) collection (Winzeler et al. 1999) . Among 42 mutants examined using the Ty3-HIS3 assay, 25 showed a differshowed an overall reduction in Gag3p-derived protein.
However, 13 mutants showed qualitative differences ence from wild type in Ty3 mobilization (P Յ 0.05); 22 of these were further analyzed using additional assays.
from wild-type patterns of Gag3p-derived protein or IN. Among those, 3 mutants (nup157, ste7, and fun30) showed Because of the different genetic backgrounds and different mutant alleles (insertion vs. null) used in the first a Ͼ50% decrease in cDNA. Five mutants (nup157, ste7, Figure 6 .-cDNA production in BY4741 mutants expressing Ty3. (A) Southern blot analysis of Ty3 cDNA. Cells were induced for 6 hr for Ty3 expression and total DNA was extracted and cleaved with EcoRI. Southern blot analysis was performed with 32 P-labeled, Ty3-specific probe, which hybridizes to full-length cDNA of 5.4 kbp as well as to Ty3 donor plasmid. Two independent transformants were monitored for each mutant. (B) Relative amount of Ty3 cDNA in transposition mutants. Hybridization signals from Southern blots were quantitated using Quantity One software (Bio-Rad). Ty3 cDNA normalized to the plasmid was expressed as the percentge of wild type (y-axis). The bars represent the average of two independent transformants for each strain except fun30 for which one mutant showed no plasmid.
sin4, ksp1, and shm1) had less than half of the frequency in the cell cycle that are deleterious to transposition may not generate detectable consequences in our assays. observed in wild-type cells for Ty3 transposition into the chromosomal tDNA Val(AAC) gene family. Distribution of gene functions affecting transposition and potential roles in the Ty3 life cycle: The initial Overall, dramatic biochemical phenotypes were not observed at 6 hr, and the extent of the genetic defect collection of 50 genes included eight transcription or chromatin factors, seven protein kinases, four cell cycle frequently failed to correlate with a particular biochemical defect. Similar apparent discordance between bioregulators, three nucleoporins, four protein trafficking and vacuole related, three involved in RNA processing, chemical and genetic phenotypes has been noted for large-scale screens for mutants affected in Ty1 transpositwo related to ubiquitin transfer, and other miscellaneous proteins. Twelve of the genes were of unknown function (Scholes et al. 2001; Griffith et al. 2003) . We attribute this apparent lack of correlation to a combination. The 22 genes, mutations in which showed consistent and significant effects on transposition in two genetic tion of factors, including accumulation of a large number of inactive particles, which disguise biochemical deassays, encode proteins including four transcription or chromatin factors, four kinases, three protein traffickficiencies in a small population of active particles; failure of some biochemical restrictions to impinge directly on ing or vacuole related proteins, two nucleoporins, and four proteins of unknown function. The decrease in limiting steps in transposition; and inability of certain types of effects to be detected in any of our assays. For representation of kinases and transcription-related proteins between the first and second genetic assays sugexample, changes in protein modification or alterations Ty3 Host Factors Val(AAC) loci. Total DNA was extracted from cultures induced for Ty3 expression for 6 hr, and different amounts of genomic DNA were used to establish the linear range of PCR detection. A total of 1-125 ng of DNA was used as the template for PCR. PCR products were separated on a 1.5% agarose gel and stained with ethidium bromide. PCR for integration (32 cycles, top); PCR templated by RAD52 to quantify starting DNA (20 cycles, bottom). (C) PCR analysis of Ty3 integration in mutant strains. PCR was performed as described for B using 25 and 5 ng of DNA for integration and RAD52, respectively. Two independent transformants were tested for each mutant. Data for 22 mutants are shown. For the negative control, 25 ng DNA was used from an uninduced culture (raff).
gests that some of those were specific to transposition and reduced amounts of cDNA compared to wild type. Fun30p is a homolog of Snf2p with no known function into the divergent tDNA target.
Mutants that affected transposition in both genetic (Clark et al. 1992) . Ste7p is a mitogen-activated protein kinase kinase in the pheromone response pathway assays are discussed according to the observed effects on Ty3 intermediates. The sin4 and ppa1 deletion mutants (Errede et al. 1995) . The MAP kinase Fus3p, which occurs downstream of Ste7p in the same pathway, has displayed reduced levels of Gag3p protein. The ppa1 mutant also had reduced levels of cDNA. The reduction been previously shown to have a negative effect on Ty1 transposition through activation of filamentation and in Gag3p could be due to reduction in mRNA level, translation, or stability of Gag3p. In the case of sin4, destabilization of Ty1 proteins (Conte and Curcio 2000) . However, in the case of Ty3, expression is inreduction in mRNA would be consistent with the role of Sin4p in the mediator complex (Boube et al. 2002) .
duced by the pheromone response (Van Arsdell et al. 1987; Clark et al. 1988) . Thus, Ste7p may have evolved However, relatively wild-type levels of IN and cDNA were observed at 6 hr. This suggests that Sin4p could also act to have a positive role in the Ty3 transposition cycle. Ppa1, bro1, and rim 13 mutants were all affected in indirectly or could act at a late step, such as integration, to influence the target site.
protein processing and cDNA. Ppa1p encodes a subunit of the vacuolar H ϩ ATPase (Graham et al. 2000) and The fun30, ste7, nup157, and ppa1 mutants and, to a lesser extent, the ybr284w, rim13, and bro1 mutants all Bro1p is a class E gene required for multivesicular body formation (Odorizzi et al. 2003) . Rim13p is a cysteine showed differences in the patterns of protein processing proteinase and interacts with Rim20p, a homolog of yor055w, gtr1, and ecm17 showed no biochemical defect and were deficient in both genetic assays, but were Ͻ39% Bro1p (Xu and Mitchell 2001) . Rim20p interacts with Snf7p (Ito et al. 2001) , which is a member of the ESdecreased in tDNA Val(AAC) transposition. This could be attributable to differences between the performance of CRTIII complex involved in endosome-to-vacuole trafficking (Katzmann et al. 2002) . Bro1 and rim13 showed tDNA Val(AAC) in the divergent plasmid target and chromosomal assay or to the different times and growth condirelatively subtle differences from wild type, with both mutants having increased levels of high-moleculartions of the genetic and physical assays. A subset of these genes is potentially interesting because they affect weight IN-containing species. Not only is IN processed from Gag3-Pol3p, but also it exists as a RT-IN fusion chromatin and might be expected to have a late phenotype and affect targets differentially. Swd1p is a member protein, and reverse transcription is sensitive to mutations in IN (Sandmeyer et al. 2001) . Thus changes in of the Paf1 complex and the SET1 methyltransferase complex, and mutants have defects in telomeric and Gag3-Pol3p processing could directly affect cDNA levels. Although the mechanism through which Rim13p and ribosomal silencing (Miller et al. 2001; Roguev et al. 2001) . Leo1, which is a component of Paf1 complex Bro1p would affect protein processing is by no means clear, it is interesting that AIP1/Alix, the mammalian (Krogan et al. 2003) , was also identified in the original screen. Histone methylation has been implicated in Tf1 homolog of Bro1p, has been shown to play an important role in retroviral budding mediated by the (class E) targeting to pol II promoters (H. Levin, personal communication) and several elongator proteins were identi-ESCRT I-III complexes (Strack et al. 2003; Von Schwedler et al. 2003) .
fied as mutants defective in Ty1 transposition (Griffith et al. 2003) . Sif2p is a member of the complex associated NUP157 and NUP159 (Rout et al. 2000; Allen et al. 2001) are two nucleoporin genes identified in our with the Set3 complex, which has NAD-dependent and -independent deacetylation functions (Pijnappel et al. screen . Both had modest changes in Gag3-Pol3 protein processing, and Nup157 exhibited decreased cDNA and 2001). Sif2p genetically interacts with Sir4p and antagonizes Sir4p activity at telomeres by recruiting it to other transposition. Nup159p had roughly wild-type levels of cDNA and had increased transposition in all three assays.
locations (Cockell et al. 1998) .
The implication of chromatin factors in Ty3 targeting Ty3 VLPs accumulate in a perinuclear position by 6 hr (Hansen et al. 1992) . Because Ty3 VLPs are too large is of interest since tRNA genes could be repressive for pol II-transcribed genes (Kinsey and Sandmeyer 1991; to pass through nuclear pores, uncoating and reverse transcription may occur in proximity to the nucleus. Hull et al. 1994) , but relatively little is known about the chromatin stucture of tRNA genes. Targeting of Ty5 Hence, it is possible that nucleoporins influence this process. If the loss of Nup157p, a major nucleoporin is is determined by the components of silent chromatin (Zou and Voytas 1997), particularly Sir4p (Xie et al. directly related to reduced cDNA levels, it would indicate significant linkage between Ty3 replication and 2001). Ty1 elements exhibit preferential integration upstream of pol III-transcribed genes, possibly dependnuclear import. The loss of 36 aa from the C terminus of Nup159, an essential protein, results in increased ing on the configuration of chromatin at those genes (Devine and Boeke 1996) . The selection of Ty1 integratransposition. Interestingly, Nup159p is one of the few proteins distributed asymmetrically in the yeast nuclear tion sites, at least at pol II-transcribed genes, is influenced by chromatin factors such as Rad6p (Kang et pore (Rout et al. 2000) . This filamentous protein extends outward into the cytoplasm. Thus, it will be interal. 1992; Liebman and Newnam 1993) and chromatin assembly factor I in conjunction with the level of histone esting to determine whether the deletion of 36 aa in this mutant has exposed an interaction surface that facilproteins (Qian et al. 1998) . Although targeting of Ty3 is determined by the transcription preinitiation comitates translocation of the preintegration complex.
Ksp1 and shm1 mutants had wild type or greater amounts plex of pol III (Kirchner et al. 1995; Yieh et al. 2000) , binding of these factors or access to the target could of cDNA but were both Ͻ50% of wild-type transposition into the tDNAVal (AAC) target. Ksp1p is a S/T kinase and be affected by local chromatin structure. Cka1p is a subunit of casein kinase II (CKII), and phosphorylation was isolated as a suppressor of mutations in the Prp20p, the guanine exchange factor for Ran/Gsp1 (Fleischof the TATA-binding protein by CKII activates pol III transcription (Ghavidel and Schultz 1997) . With the mann et al. 1996). Shm1p encodes a mitochondrial serine hydroxymethyltransferase (Kastanos et al. 1997) .
exception of Cka1p and Tfc1p, proteins known to affect pol III transcription were not isolated in our screen. This The SHM1 gene deletion also affected the overlapping ORF ybr262c, but deletion of that ORF did not cause is most likely because components of the preinitiation complex are essential genes and because mutants incaa tDNA Val(AAC) phenotype. The sin4 mutant had reduced amounts of Gag3p, but produced wild-type amounts pable of expressing the suppressor tRNA were excluded from further analyses. of IN and cDNA. It was also significantly reduced for tDNA Val(AAC) integration, consistent with a late phenotype Gtr1p is a negative regulator of the Ran GTPase (Nakashima et al. 1999) , which is required for nuclear as might be expected for effects at the target.
A group of mutants including sif2, swd1, cka1, ypl150w, import and export. Although this factor may not act directly on Ty3 transposition, it could impinge on a downet al. 2000), Pmr1p (Bolton et al. 2002) , and Ku proteins (Downs and Jackson 1999) are known to affect Ty1 stream point in the life cycle, such as nuclear entry, consistent with a lack of observable biochemical defects.
and Ty3 (L. Yieh, unpublished work), but were not identified in our screen. Preliminary results from sysDisruptions of five genes affecting the cell cycle (cyr1, hsl1, kic1, cdc39, and cdh1) decreased transposition into tematic screening of the yeast knockout collection using Ty3-HIS3 mobilization (B. Irwin, personal communicathe divergent target in the original genetic assay. CYR1 (Matsumoto et al. 1982) and CDC39 (Collart and tion) also suggests that there will be very little overlap between the results of that screen and the one reported Struhl 1993) are essential genes; KIC1 was not available in the knockout collection and was reconstructed as here. We conclude that the nature of the target gene used in the initial assay contributed to a highly selective the original disruption. However, both kic1 and hsl1 mutants, in contrast to decreased transposition in the collection of mutants. Two large-scale screens were recently performed for suppressor assay, showed increased Ty3 mobilization in the BY4741 background and so were not examined mutants affected by Ty1. The first group (Scholes et al. 2001 ) used chromosomal Ty1 under its native promoter further in the present study.
Ty3 has reduced cDNA synthesis in G 1 -arrested cells and tagged with HIS3AI to screen a disruption collection in a different genetic background. The second group (Menees and Sandmeyer 1994) , analogous to what is observed for retroviruses in G 0 (Fritsch and Temin (Griffith et al. 2003) used GAL1-Ty1, marked with HIS3 on a low-copy plasmid, to screen the diploid yeast knock1977a,b; Varmus et al. 1977; Harel et al. 1981; Zack et al. 1990 ). In the case of retroviruses, exogenous nucleoout collection. Scholes et al. (2001) found that most of the identified disruptions yielded elevated transposition sides can promote the completion of DNA synthesis in G 0 -arrested fibroblasts (Goulaouic et al. 1994 ; Kootsand were in DNA checkpoint, repair, and telomere maintenance genes. The screen by Griffith et al. (2003 Griffith et al. ( ) recovtra et al. 2000 . Thus it is interesting to speculate that extended G 1 periods in mutants such as cyr1 and cdc39 ered predominantly reduced transposition mutants and identified a number of genes that function in a variety could have decreased transposition relative to wild-type cells. Cyr1p is a cyclic AMP synthetase that influences of cellular processes: transcription regulation, RNA metabolism, nucleocytoplasmic transport, and protein modithe level of cyclic nucleotides in the cell (Matsumoto et al. 1982) . Cdc39p is an essential protein that negatively fication. The latter is more similar to the distribution of genes recovered in our screen. These screens showed regulates gene expression (Collart and Struhl 1993) and is involved in mRNA degradation (Tucker et al. relatively little overlap with each other and with the results of our screen. SIN4 was one exception as it was identified 2002).
CDH1, a homolog of Cdc20p, is an activator of the in our screen and in the Griffith et al. (2003) screen. An ongoing screen of the knockout collection using ubiquitin ligase, anaphase-promoting complex (Visintin et al. 1997; Irniger 2002) . The cdh1 mutant showed Ty3-HIS3, which is technically more analogous to the screen by Griffith et al. (2003) , shows more overlapa consistent phenotype, but the decrease in the Ty3-HIS3 mobilization assay was modest, and it was not purping genes, but also many nonoverlapping genes. These results emphasize the contribution of the role played sued further in this study. Interestingly, the degradation of Hsl1p, which showed allele and assay-dependent by the screening approach itself in filtering the genes that are identified among an apparently large number transposition phenotypes, is mediated by Cdh1p and Cdc20p (Burton and Solomon 2001) . Analysis of these of potential candidates. Ty3 and Ty1 differ structurally, in mode of expression, mutants may shed some light on the specific requirements for the completion of Ty3 reverse transcription and in position specificity and therefore have probably evolved fundamentally different interactions with their and the life cycle.
Recovery of anticipated mutants and those related to yeast host. For example, Ty3 is expressed predominantly in a rapid induction in mating cells and inserts at initiaTy1: The tfc1 and lhp1 mutants recovered in our screen and analyzed in detail were confirmed as bona fide distion sites of genes transcribed by pol III (Chalker and Sandmeyer 1992; Bilanchone et al. 1993) ; Ty1 is constiruptors of Ty3 transposition. In addition, a significant fraction of the mutants identified in our original screen tutively highly expressed and inserts upstream of genes transcribed by pol III at distances from Ϫ50 to Ϫ750 were confirmed to affect Ty3 transposition in a different background with an independent assay. Nevertheless, bp (Kim et al. 1998) , as well as into pol II-transcribed genes and promoters (Boeke and Sandmeyer 1991) . it is clear that this screen did not saturate the search for yeast genes, which affect Ty3 transposition. Only 10
Thus it is likely that biological differences between Ty1 and Ty3 also contribute to the sparse overlap in host genes were recovered two or more times, suggesting that additional genes could have been recovered using factors. These comparative findings serve to underscore the complexity of the search for host factors. the same screen. Although we used multiple pools of disrupted genomic fragments, it is also possible that Summary: Since Ty3 is similar to retroviruses in its genome organization and gene products, it is conceivsome genes are not represented the disruption pools. For example, Dbr1p (Chapman and Boeke 1991; Karst able that the mammalian orthologs of some of the Ty3 dence for a mediator of RNA polymerase II transcriptional regulahost factors may play a similar role in retroviral life tion conserved from yeast to man. 
